Sortases anchor surface proteins to the cell wall of Gram-positive pathogens through recognition of specific motif sequences. Loss of sortase leads to large reductions in virulence, which identifies sortase as a target for the development of antibacterials. By screening 135,625 small molecules for inhibition, we report here that aryl (β-amino)ethyl ketones inhibit sortase enzymes from staphylococci and bacilli. Inhibition of sortases occurs through an irreversible, covalent modification of their active site cysteine. Sortases specifically activate this class of molecules via β-elimination, generating a reactive olefin intermediate that covalently modifies the cysteine thiol. Analysis of the three-dimensional structure of B. anthracis sortase B with and without inhibitor provides insights into the mechanism of inhibition and reveals binding pockets that can be exploited for drug discovery.
Sortases anchor surface proteins to the cell wall of Gram-positive pathogens through recognition of specific motif sequences. Loss of sortase leads to large reductions in virulence, which identifies sortase as a target for the development of antibacterials. By screening 135,625 small molecules for inhibition, we report here that aryl (β-amino)ethyl ketones inhibit sortase enzymes from staphylococci and bacilli. Inhibition of sortases occurs through an irreversible, covalent modification of their active site cysteine. Sortases specifically activate this class of molecules via β-elimination, generating a reactive olefin intermediate that covalently modifies the cysteine thiol. Analysis of the three-dimensional structure of B. anthracis sortase B with and without inhibitor provides insights into the mechanism of inhibition and reveals binding pockets that can be exploited for drug discovery.
The emergence of bacterial strains resistant to antibiotic therapy is a major public health threat (1) . Of particular concern is Staphylococcus aureus, as this Gram-positive pathogen is the leading cause of bloodstream, lower respiratory tract, skin and soft tissue infections in the United States (2) . S. aureus strains exhibiting resistance against multiple antibiotics, such as MRSA (methicillin-resistant S. aureus), are isolated in 30-60% of community and more than 80% of hospital infections with this pathogen (3) . Vancomycin or other glycopeptides are considered last-resorttherapies for MRSA, however S. aureus strains with intermediate (VISA) or full resistance (VRSA) to vancomycin can cause infections for which antimicrobial treatment may no longer be effective (4) .
Surface proteins of Gram-positive bacteria play important roles during pathogenesis (5) . Sortases anchor these polypeptides to the bacterial cell wall envelope (6) . For example, S. aureus sortase A recognizes proteins destined for the cell surface via an LPXTG motif in their Cterminal sorting signal (7) . Following cleavage between the threonine (T) and the glycine (G) residues, an acyl-enzyme intermediate captures cleaved substrate at the active site thiol of sortase (8) . Nucleophilic attack of the amino group of the peptidoglycan precursor lipid II [C 55 -PPMurNAc-(L-Ala-D-iGln-L-Lys(NH 2 -Gly 5 )-D-Ala-D-Ala)-GlcNAc] at the thioester intermediate resolves the acyl enzyme and forms an amide bond between the Cterminal threonine of surface protein and pentaglycine crossbridges (9) . Lipid II linked polypeptide is subsequently incorporated into the cell wall envelope of staphylococci (10) . The final product of this pathway, protein linked to cell wall pentaglycine crossbridges, is displayed on the bacterial surface and enables interactions between the pathogen and tissues of its host.
Surface protein anchoring to the cell wall envelope is thought to be an essential strategy for bacterial survival during infection, as mutants lacking genes for one or more sortase enzymes are attenuated in virulence (11) . Inhibition of sortases by small molecules may therefore function as a therapeutic strategy for bacterial infections. Previous work described several sortase inhibitors, including methane-thiosulfonates (12) , peptide substrate-derived affinity labels (13) , natural compounds (14) (15) (16) , vinyl sulfones (17) , diarylacrylonitriles (18) , bis(indole) alkaloids (19) , peptidomimetics (20) , isoquinoline alkaloids (16) , and threonine analogues (21) . However, most of these compounds are either of low activity, lack specificity or display undesirable structural features that confound therapeutic use. To overcome these obstacles, we have screened a library of small molecules and identified aryl (β-amino)ethyl ketones as mechanism-based inactivators of sortases.
EXPERIMENTAL PROCEDURES
Bacterial strains and reagents -S. aureus sortase A (SrtA), B. anthracis sortase A, SrtB, and SrtC were purified from Escherichia coli strain BL21 (DE3) using Ni 2+ -NTA affinity chromatography (8 Fig. 1A, inset) . This assay yielded a Z' of 0.94 (22) . Sixteen wells of positive control (PC; no compounds added) and sixteen of negative control (NC; no compound or sortase added) wells were performed per plate. Final DMSO concentrations were ≤ 2.5% (v/v), a concentration shown to have no effect on control fluorescence levels (data not shown).
Data analysis and hit selection -Data were qualified for analysis by evaluation of within-and across-plate biases and other systematic errors using Spotfire Decision ® (SpotFire US, Somerville, MA). Percent activities (%A, the ratio of fluorescence from a test compound well to the plate PC mean, multiplied by 100) and percent inhibition (%I = 100 -%A) were computed. Compounds were rank ordered according to %I. 6,154 compounds (4.5% of initial libraries) were active and displayed %I ≥ 20 (Fig. 1B) . Structures of hit compounds were examined using custom sub-structure search routines in SARNavigator ® 1.2 (Tripos, St. Louis, MO) to "filter" reactive and promiscuous inhibitors (23) (24) (25) (26) , known mutagens and genotoxics (27, 28) , and molecules lacking good physicochemical hit/lead characteristics (23, 26, 29, 30) . The alert molecules were separated into a salvage set, generating a set of 2,023 compounds (1.5% of initial) that were assigned lead-like activities. Analysis of these compounds for structural similarity based on computed Tanimoto distances [SARNavigator or Accord ® 6.1, Accelrys, San Diego, CA (31)] was followed by visual inspection to identify "clean" leadlike clusters and singletons (a molecule/chemotype without a second example) (26, 31) . These clusters were sampled with emphasis on compounds with %I ≥ 50 and potential for providing SAR in subsequent studies. Analysis of these for structural similarity identified >80 clusters with >1150 molecules (median size 3, mean 14, range, 2-63), and >850 putative singletons. Approximately 210 clean compounds were selected for secondary assays. The alerts salvage set was combined with the singletons and other weakly active clean molecules and this combined set was clustered and examined visually. Clusters were again sampled on the basis of activity, properties, and potential to provide SAR, and the best representatives and the most active and lead-like singletons were then added to the 210 to yield a final set of 407 compounds with potential both as research tools and as therapeutic candidates. These 407 compounds were subjected to a secondary screen using B. anthracis SrtA and papain and data analyzed as described for HTS of S. aureus SrtA.
IC 50 determination -S. aureus and B.
anthracis sortases (8 μM) were incubated with increasing concentrations of either AAEK1 or AAEK2 (0.01-3,200 μM) for 1 hour at 37ºC, followed by addition of a- C NMR, EI-MS, and FT IR-were consistent with the structures reported and literature data available. Purified products were stored under argon at -20ºC in the dark until use. rac-1-(Thiophen-2-yl)prop-2-en-1-ol (11)(32) was prepared from vacuum-distilled thiophene-2-carbaldehyde by treatment with 1.10-1.20 equivalents of vinylmagnesium chloride in anhydrous Fluka THF at 15-20ºC for 3-4 hours (reaction 0.7 M in aldehyde, scale 3.4-15 mmol) (33) . After weakly acidic aqueous workup, TBME extraction and standard drying, chromatographic isolation gave the indicated pure product (yields, 74-92%). 1-(Thiophen-2-yl)prop-2-en-1-one (12)(34) was prepared from purified 11 or directly from the crude propenol extract of 11 after drying. The extract was treated with 1.50 equivalents of the oxidant NMO and 0.15 equivalents of the Fluka catalyst TPAP in anhydrous Fluka DCM at 0-5°C for 15-17 hours (reaction 0.10 M in alcohol, scale 0.6-1.8 mmol) (35) . After catalyst adsorption/filtration (ICN GmbH SiliTech SiO 2 , 32-63 μM/Celite 545 ® ), filtrate evaporation, and extraction of the residue with hexanes, chromatographic isolation gave the indicated pure product (yields: 59% on 63% conversion from pure 11, 24% direct from extract). Compounds were diluted to 0.57-0.58 M in 50% aqueous DMSO containing sortase reaction buffer (see above). Compounds were further diluted to assay concentrations of 5 or 50 μM, and assays were performed as described for the DTT experiments.
Effect of DTT on AAEK1 and AAEK2-mediated inhibition of sortase -Reactions included 4 μM S. aureus SrtA, 8 μM a-LPETG-d, inhibitor (50 μM AAEK1 or 200 μM AAEK2) and increasing concentrations of DTT (2-500 μM) and were incubated at 37ºC for 1 hour, followed by fluorescence measurements.
Crystallography -Protein expression and purification was carried out as described (36) . The construct did not include 36 Nterminal amino acids (signal peptide) and encoded a 242 amino acid SrtB polypeptide with a 24-residue His tag at its N-terminus. A 2 mM protein stock solution in 10 mM Tris-HCl, pH 7.4, 20 mM NaCl, and 1 mM DTT was used for crystallization. Selenomethionine(Se-Met)-labeled SrtB was prepared using the methionine biosynthesis inhibition method (37) . Inhibitors were diluted to 10 and 50 mM in crystallization buffer for AAEK1 and AAEK2, respectively. The SrtB/AAEK adduct structures were obtained using vapor diffusion at 25ºC and crystallized under different conditions as compared to apoprotein.
The SrtB/AAEK1 adduct crystallizes in a different space group (Table  3 ). The structures of SrtB/AAEK1 and SrtB/AAEK2 adducts were determined by single-wavelength anomalous dispersion (SAD) phasing using HKL3000 (38) and SeMet-labeled enzyme. The structures were auto traced using ARP/wARP and refined with REFMAC against the averaged peak data (39) . The initial models of SrtB/AAEK1 and SrtB/AAEK2 were adjusted manually using COOT and refined to the final crystallographic R of 18.7% and R free of 25.9% for SrtB/AAEK1, and to the final crystallographic R of 18.6% and R free of 22.6% for SrtB/AAEK2, both with zero σ cutoff ( Table 3 ). The stereochemistry of the structures was examined with PROCHECK and the Ramachandran plot. The final model of SrtB/AAEK1 does not have well density for nine N-terminal residues (64-65, 85-191) and four internal residues (238-241). The final model of SrtB/AAEK2 does not have well density for four internal residues (236-240). Atomic coordinates have been deposited in the Protein Data Bank.
RESULTS
Screening for sortase inhibitors -A biochemical assay that monitors S. aureus sortase A cleavage of the FRET substrate (a-LPETG-d) between the threonine (T) and glycine (G) residues was optimized for HTS (8) . Translation of this assay into a 384-well format yielded a Z' of 0.94, which is well above the value suggested for successful HTS assays (Fig. 1A) (22) . Using the NSRB library, 135,625 small molecules were screened in duplicate for inhibition of SrtA (Fig. 1A, inset) . Of the compounds assayed, 6,154 displayed percent inhibitions (%I) greater than 20% (Fig. 1B) . Of these, ~ 2/3 were placed in a salvage set for being reactive, genotoxic, promiscuous (frequent hits in unrelated assays), or lacking in druglike properties (see Experimental Procedures) (23) (24) (25) (26) (27) (28) (29) (30) . The remaining lead-like activities were clustered on the basis of structure to identify common structural cores (chemotypes) and selected based on structure-activity relationships (SAR). After combining these with the most active compounds from the salvage set, a total of 407 compounds were attained (Fig. 1B) .
To examine specificity of inhibition, the 407 compounds were screened for inhibition of B. anthracis SrtA and papain, a eukaryotic protease with an active site thiol (40) . Many of the most potent and specific sortase inhibitors belonged to five chemotypes (Table 1) ;
[I] aryl (β-amino)ethyl ketones, [II] N-aryl maleamides and -fumaramides, and related compounds
(N-alkyl/aryl) pyrrolidine-2,5-diones, and [V] variously substituted maleimide-furan Diels-Alder products. Of these, the aryl (β-amino)ethyl ketones (AAEK) were the most active inhibitors of sortases from staphylococci and bacilli (Table 1) . These compounds are Mannich bases (41) , with a propiophenone (or related heteroaromatic) core, bearing a β-arylamino or β-dialkylamino substituent. Two compounds, AAEK1 and AAEK2, were selected for further characterization because of their substantial inhibition of sortase, limited inhibition of papain, and presentation of heavy atoms to assist in eventual X-ray structure determination ( Table 2) . 50 ) values of AAEK1 and AAEK2 for sortases from B. anthracis and S. aureus were determined. AAEK1 and AAEK2 were ~10 and 3-fold more potent inhibitors of B. anthracis SrtA than of S. aureus SrtA (Fig.  2AB) . Inhibition of B. anthracis SrtA was several fold greater than inhibition of SrtB or SrtC (Fig. 2B-D) . As different sortase enzymes recognize unique substrates, it seems plausible that observed differences in IC 50 values may be due to differences in active site configuration for members of this enzyme family. Nevertheless, the data suggest that AAEK1 and AAEK2 function as inhibitors of all four sortases tested.
Inhibition of sortases by aryl (β-amino)ethyl ketones -Inhibitory concentration (IC
Incubation of S. aureus SrtA in the presence of inhibitor (AAEK1 or AAEK2) with increasing concentrations of peptide substrate caused no alterations in K m but decreased V max with an apparent noncompetitive profile (Supplementary Fig.  1A ). Lineweaver-Burke transformation of the data corroborated this notion, revealing V max values of 88.8 ± 7.8 (AAEK1) and 58.0 ± 3.6 (AAEK2) compared to 139.0 ± 5.4 observed in the absence of inhibitor (Supplementary Table 1 ). Following a 2 hour incubation of SrtA with AAEK1 or AAEK2, reactions were subjected to dialysis and then assayed for activity. Dialysis failed to restore activity, consistent with the notion that these compounds cause irreversible inhibition of sortases even in the absence of substrate (Supplementary Fig. 1B ). If so, AAEK-mediated inhibition likely precedes enzyme nucleophilic attack at the scissile peptide bond.
Inhibition by aryl (β-amino)ethyl ketones occurs at the active site thiol of sortase -S. aureus sortase A was incubated with or without AAEK1. Enzyme preparations were subjected to tryptic digestion, peptides separated by RP-HPLC, and fractions yielding absorbance at 215 nm were analyzed by mass spectrometry. A compound with m/z 1555.74 eluted in fraction 50 and its mass measurement was in agreement with the predicted m/z 1555.73 of the tryptic peptide QLTLITCDDYNEK, encompassing the active site residue C184 (Fig. 3A) . MS/MS of m/z 1555.74 confirmed the peptide sequence QLTLITCDDYNEK (Supplementary  Table  2 ). Mass spectrometry failed to identify a compound with m/z 1555.74 in sortase preparations that had been incubated with AAEK1 (Fig. 3B) . In contrast, m/z of 1693.78 was present in sortase preparations (fraction 54) that had been treated with AAEK1, but not in sortase preparations without inhibitor (Fig. 3C,D) . MS/MS of m/z 1693.78 confirmed the peptide sequence QLTLITXDDYNEK (Supplementary Table 2 ), where X represents C184 which has been chemically modified by the inhibitor and is in agreement with the addition of a thienylpropanone moiety (Fig. 3C , inset, Supplementary Table 3) . If so, the amine moiety of AAEK1 must first be eliminated in order for the compound to react with thiol in the active site of sortase. The modification did not occur when AAEK1 was incubated with a mutant enzyme carrying an alanine substitution at the active site residue (C184A). Thus, modification of sortase with AAEK1 requires an active site C184 (Fig. 3E ).
X-ray structure determination of the sortase-AAEK adducts -To gain insights into the mechanism of inhibition by the AAEK class, we solved the three-dimensional structure of B. anthracis sortase B with AAEK1 and AAEK2 by X-ray crystallography and SAD. Electron densities were refined to 2.1 Å (AAEK1, R=18.7%, R free =25.9%) and 1.6 Å (AAEK2, R=18.6%, R free =22.6%) resolution, respectively ( Table 3 ). The use of experimental phases was important to correctly trace structural changes in the active site. For AAEK1, clear electron density corresponding to the thienylpropanone adduct was observed near C233 (the functional equivalent of C184 in S. aureus SrtA), consistent with covalent modification determined by MS (Fig. 4C) . For the SrtB-AAEK2 adduct, ~50% of C233 was modified, most likely due to lower solubility of the compound under crystallization conditions. This fortuitous result allowed us to directly compare bound and unbound structures to determine what changes occur upon inactivation by the AAEK class. Both AAEK1 and AAEK2 modify sortase in a similar fashion, i.e. the β−carbon of the inhibitor is covalently linked to C233 with the aryl group interacting with a critical tyrosine (Y138) (Fig. 4A) . C233, D234, and H140, which make up the catalytic triad, undergo substantial rearrangements upon reaction with the AAEKs. The most important change is C233, which undergoes a rotation of ~180 degrees in order to accommodate the ligand. In addition, R243 swings away from the active site and is in excellent position in the ligand-free form to stabilize an oxyanion intermediate of the inhibitor, a step that would be required prior to elimination of amine from the AAEK (Fig.  4B) . Further, the SrtB-AAEK adduct revealed two binding pockets, one cationic (above) and one anionic (below) the AAEK aryl group, which may be exploited for the engineering of more specific and potent inhibitors (Fig. 5AB) .
Sortase converts aryl (β-amino)ethyl ketones to reactive olefin intermediates -
We hypothesized that the β-carbon of AAEK1 or AAEK2 may be linked via Michael-type addition by the sortase thiol to an olefin intermediate generated by amine elimination (42, 43) . If so, addition of exogenous thiol would be expected to "capture" the olefin intermediate, thereby preventing the modification of sortase (Fig. 6A) . To test this hypothesis, AAEK-mediated inhibition of sortase was examined in the presence of dithiothreitol (DTT). Enzyme kinetic analysis and mass spectrometry revealed that DTT does not react with AAEK1 or AAEK2 in the absence of sortase (data not shown). However, in the presence of sortase, increasing amounts of DTT prevented inactivation by AAEK1 or AAEK2 and, at 250 μM DTT, AAEK2-mediated inactivation was completely abolished (Fig.  6B) . Addition of DTT alone (without inhibitor) did not stimulate sortase activity and could not restore the activity of enzymes whose active site was already modified (Fig.  6B) . Taken together, these observations suggest that DTT interferes with modification of the active site by the AAEK inhibitors.
We sought to test whether the proposed olefin of AAEK1 can indeed modify sortase and synthesized the predicted intermediate (Fig 6C, [12] ). Incubation of sortase with 12 caused concentration dependent and irreversible enzyme inhibition with a K i of 69 μM (± 21 μM), similar to K i values observed for its parent AAEK1 compound. No sortase inhibition was observed with a control compound 11, the corresponding alcohol derivative of the olefin intermediate (Fig. 6C) . Together, these data corroborate the hypothesis that sortase inhibition by aryl (β-amino)ethyl ketones proceeds via a reactive olefin intermediate that forms a covalent adduct at the enzyme active site thiol.
DISCUSSION
The emergence of S. aureus strains with broad antibiotic resistance represents a rapidly growing challenge for both hospitaland community-acquired infections. Antibiotic resistance has also been observed in other Gram-positive bacteria, including an agent of bioterrorism, B. anthracis (44) . Widespread use of antibiotics for human therapeutic or food industrial purposes is thought to be the primary selection mechanism for the emergence of drug resistance strains (45) . Staphylococcal resistance mechanisms have been reported for all known antibiotics, which necessitates identification of new therapeutic targets and development of new drugs that can be used for the treatment of bacterial infections (46) . Sortases, a family of transpeptidases that immobilizes polypeptides in the envelope of Gram-positive bacteria, recognize surface protein substrates and attach their Cterminal end to an amino group acceptor of lipid II, which is subsequently incorporated into the cell wall (47 (15) . Isosteres of the scissile bond, i.e. threonine-glycine for sortase A, achieved inhibition when the LPXT peptides were decorated with either diazoketone or chloromethylketone (13) . These peptide-derived inhibitors display favorable K i values, however their rates of inactivation are slow. Vinyl sulfones also react with thiols, but the corresponding peptide vinyl sulfones present even slower rates of sortase inactivation than diazoketone or chloromethylketone derivatives (17) . Finally, phosphorous isosteres of peptides are effective transition state analogs and inhibitors of zinc proteases.
Peptide mimics carrying replacement of the scissile peptide bond indeed inhibited sortase (20) . As with all other peptide-derived compounds, the further development of these types of inhibitors towards a therapeutic use is obstructed by their chemical features, including high molecular weight and undesirable pharmacological properties. Finally, random irreversible inhibition of thiol groups and of sortases can be achieved with small molecules such as methanethiosulfonates (12, 17) . Since such compounds lack specificity, their chemical properties preclude drug development.
Previous studies on small molecule inhibitors of sortases have been limited to the screening of 1,000 compounds, which identified diarylacrylonitriles as potential inhibitors (18) . In this study, compounds with IC 50 values between 10 -1,000 μM were reported and one compound functioned as competitive inhibitor with very favorable K i value (18) . Diarylacrylonitriles have been proposed to bind to the active site of sortase, albeit that this hypothesis has not yet been supported by experimental evidence (18) .
Here we screened a library of 135,625 small molecules for inhibition of S. aureus SrtA with a FRET assay that measures enzymatic cleavage of the fluorogenic substrate a-LPETG-d between its threonine (T) and glycine (G) residues. By combining a cheminformatic approach with secondary specificity assays, we identified several new classes of sortase inhibitors, each one a distinct series with a common structural core. Class I, aryl (β-amino)ethyl ketones, display drug-like properties, high relative levels of inhibition of sortase, as well as good specificity. In order to investigate the mechanism of inhibition by this class, we focused on compounds AAEK1 and AAEK2 due to their high selectivity for inhibition of sortase and presence of heavy atoms for X-ray structural studies. Kinetic studies suggested non-competitive inhibition with substrate and dialysis/reassay hinted at an irreversible modification. Mass spectrometry confirmed that the active site thiol of sortase was covalently modified with a derivative of AAEK1, implying the parent compound had undergone a change during reaction with sortase.
Comparison of the crystal structures of B. anthracis sortase B-AAEK1 and sortase B-AAEK 2 adducts with the 1.6 Å ligand-free enzyme revealed some remarkable structural changes. Although a majority of the enzyme structure is virtually identical, there are some conformational changes that may be attributed to adduct formation. Remarkably, side chains of all residues in or near the active site that are part of the sortase barrel (loop between β2 and 3, strands β4 and β7) show virtually identical conformation in ligand-free enzyme and in the complex with inhibitors (N102, L106, F121, D123, R125, Y138 and H140 of the catalytic triad). In contrast, the region of the active site contributed by residues on the loop between α5 and β6 (F189, Y191, Y235, R243) show much higher mobility and quite different conformation in ligand-free and ligandbound structures.
In the ligand-free sortase, the region following the D234 is disordered. However, upon AAEK1 adduct formation this region becomes ordered and can be traced up to L237 and for AAEK2 up to Y235. Interestingly, the region near the active site between T186 and Y191 becomes more disordered upon adduct formation. The electron density for AAEK1 is very well defined and electron density for AAEK2 is good with the aromatic ring and the chlorine atoms well defined (data not shown), although it shows lower occupancy. Both inhibitors react in a very similar manner with sortase B. In both cases the β−carbon is covalently linked to C233 (in agreement with MS data from sortase A) and the aromatic moiety interacts with Y138 and N102. Both adducts are fully accessible to the solvent. As mentioned above, although the majority of protein amino acid side chains are in very similar conformations in both structures, there are some remarkable differences in the residues which make up the sortase catalytic triad. The most important is a change in the conformation of C233, which, to accommodate the inhibitor, must rotate ~180 degrees. Adduct formation swings R243 away from the active site. However, in ligand-free sortase, its guanidinium group is in excellent position to stabilize an oxyanion intermediate of the inhibitor and thus may contribute to AAEK activation.
The most significant structural finding is that the AAEK adducts are situated in a crevice between two pockets, each opposite in charge character. The anionic pocket proximal to the carbonyl oxygens may be what draws these compounds into the active site through interaction with the electropositive ammonium moiety. Further, the aryl rings are adequately positioned such that substituent changes could present the appropriate opposite charges to foster interactions that would add potency and selectivity. This principal is partially demonstrated by the sortase-AAEK2 adduct, where the presence of two chlorine atoms shifts the aryl group closer to the cationic pocket. A preliminary investigation using para-substituted AAEKs suggests there is a correlation between inhibition of sortase and increasing anionic character of the substituent, perhaps reflecting interactions with the cationic pocket (A.W. Maresso and O. Schneewind, unpublished) .
Mass spectrometry and X-ray crystallographic studies of sortase-AAEK adducts revealed a thienylpropanone covalently tethered via its β-position to the active site cysteine (Fig. 4) . The adduct differs from the parent compound by the absence of a dimethylamine moiety. Elimination of this group from an AAEK would generate an aryl vinyl ketone, an electrophilic olefin which would be expected to react with an available thiol (41, 48) . Indeed, excess thiol (DTT) prevented inactivation of sortase by the AAEKs, and the putative olefin elimination product, i.e. intermediate 12, was also a covalent inactivator, thereby corroborating the hypothesis. Thus, a general model for sortase inhibition by the AAEK class can be proposed (Fig. 7) . The aqueous milieu, the surface accessibility of the active site, and the orientation of the adducts in it suggest an initial interaction between the ammonium form of the AAEKs and regions of negative electrostatic potential on the sortases (Fig. 5,  "pocket 2" ). This attraction of the AAEKs to the sortase active site could be followed by further stabilizing interactions with the active site tyrosine and other residues. The path to alkylation of the cysteine by the AAEKs most likely then proceeds via an elimination-addition mechanism (41, (48) (49) (50) .
Following deprotonation of AAEKs by an active site base, enolate 13 is formed. This enolate could be stabilized by the same active site features (the guanidinium of the conserved arginine, shown here with 13) that stabilize the oxyanion that forms during sortase cleavage of substrate (Fig. 7) (54), these were combined with representatives from the salvage set (after their re-clustering) to yield a final set of 407 compounds to take into the secondary screen for specificity. , is compared with the sortase B structure at 1.6 Å (orange). The adduct occupies the position of three water molecules (orange spheres) and is stacking against Y138. B, The catalytic triad of sortase B (H140, D234, and C233) and R243 are in close proximity to the inhibitor adduct and undergo substantial structural shifts. The SrtB (green) and SrtB-AAEK adduct (blue) are superimposed. The figure was generated using PyMOL TM . C, Thienylpropanone modification of the active site of sortase. Electron density map of the B. anthracis sortase B-AAEK1 adduct demonstrating C233, Y138, and the thienylpropanone. Green = sulfur, Red = oxygen. The figure was generated using COOT. Fig. 5 . Surface charge rendering of the sortase-AAEK adduct structures. AAEK1-SrtB (A) and AAEK2-SrtB (B) adducts revealed modification of the active site thiol of sortase. Electrostatic potential (red for negative and blue for positive) of the active site was generated using GRASP. An ionic pocket is located above and below the aryl group of each adduct. Ligands atoms are color-coded as follows: yellow = sulfur, red = oxygen, green = chloride, and light blue = carbon. Supplementary Fig. 1 . The symbols (+,-) represent the presence or absence of the indicated reagents while the numbers refer to the concentration of DTT. The far right reaction "1 hr" refers to the addition of DTT to the sample 1 hour after the reaction with inhibitor was started. C, Reactions were performed as in 6B, except that the concentration of AAEK1 and the putative elimination intermediates 11 and 12 were assayed at 5 and 50 μM. The mean and standard deviation of three independent experiments are presented in B and C. Ar = thiophen-2yl Fig. 7 . Model for the mechanism of inhibition of sortase by aryl (β-amino)ethyl ketones. Deprotonation of the α carbon is conjectured to occur via a base in the active site of sortase. This generates enolate 13, which may be stabilized in a manner similar to the oxyanion intermediate of sortase during catalysis (e.g., by the guanidinium of a conserved active site arginine). This intermediate eliminates an amine, here dimethylamine, from the β-position to generate 14. The electrophilic nature of 14 allows it to serve as an acceptor in a Michael-type conjugate addition by the thiol of the active site cysteine. This resulting enolate might also be stabilized by the guanidinium moiety; subsequent protonation by enzyme or medium would then generate the stable AAEK thioether adduct observed. Table 1 . Representative classes of sortase inhibitors revealed by HTS. Shown are the core structures of five chemotypes of sortase inhibitors with a cluster size ≥6 that demonstrate limited inhibition of papain. The range of percent inhibitions observed for the class and the median (brackets) are shown for sortase A (S. aureus and B. anthracis) and papain (C. papaya). R, R', and R" indicate a hydrogen atom or an alkyl-type substituent (alkyl, methylene, or methine); Ar indicates a carbocyclic aromatic or heteroaromatic, including complex arrays; X indicates a heteroatom functional group such as OR, -NHR, etc; and a dashed line indicates the presence/absence of a ring unsaturation. 
